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ABSTRACT: Vacuum-deposition of perovskite solar cells can achieve efficiencies rivalling solution-based methods and it 
allows for more complex device stacks. MoO3 has been used to enhance carrier extraction to the transparent bottom elec-
trode in a p-i-n configuration, here we show that by inserting an organic charge transport molecule it can also be used on 
the top of a perovskite absorber in a n-i-p configuration. This strategy enables the first vacuum-deposited perovskite solar 
cells with metal oxides as charge transporting layers for both electrons and holes leading to power conversion efficiency > 
19 %.     
1. Introduction 
Halide perovskites have a wide range of chemical and 
physical properties that make them suitable for new gen-
eration photovoltaics.1 These encompass long charge 
carrier diffusion lengths2 and high absorption coeffi-
cients.3 Furthermore, their compositional flexibility allows 
the fine tuning of the photophysical properties.4,5 The use 
of perovskites in high efficiency devices requires directing 
charge carriers to the appropriate electrode. This is gen-
erally achieved by placing selective charge transport lay-
ers below and above the perovskite layer. Interfaces be-
tween the perovskite and the charge extraction material, 
and between the charge extraction material and the elec-
trodes, are thus crucial for an efficient charge carrier col-
lection.6 In this aspect, perovskite-based solar cells can 
have two main device architectures depending on wheth-
er the photogenerated holes are extracted through the 
light incident side and photogenerated electrons extract-
ed through the metal side (p-i-n) or vice versa (n-i-p), just 
by changing the deposition order of the transport layers.  
Vacuum deposition is a widely adopted technique in 
the industry, with proven scalability capabilities. More 
interestingly for perovskite optoelectronics, it is a solvent-
free process making it more environmentally friendly.7 
Vacuum processing also allows for an accurate control on 
multiple layers stacks.8 Vacuum-deposited high efficiency 
solar cells generally rely on a combination of intrinsic 
organic materials, as charge selective layers, and doped 
materials, as charge transport/extraction layers, to ensure 
that the photogenerated charge carriers are efficiently 
extracted to an external circuit9. 
Semiconducting metal oxides are widely studied in so-
lution-processed perovskite devices and have also been 
recently applied as charge transport layers in high effi-
cient vacuum-deposited perovskite solar cells10. The use of 
TiO2 in n-i-p structure instead of doped C60 reduces para-
sitical absorption and has a positive impact on device 
stability and material costs.10 However, the system still 
relies on organic doped materials as hole transport layer 
(HTL) in the top contact, with the associated complexity 
and stability-related issues. Hence, it is important to find 
metal oxide alternatives that can reduce parasitic absorp-
tion in p-i-n devices and can be incorporated to a n-i-p 
stack without compromising the rest of the deposited 
layers.  
Molybdenum (VI) oxide (MoO3) has been recurrently 
employed as hole injection/extraction layers in OLEDs,11 
and in organic, quantum dot and perovskite solar cells,12,13 
due to its very deep work function and low-lying conduc-
tion band.14 MoO3 has the advantage of creating an opti-
mal ohmic contact with ITO. Its protective effect against 
moisture when used in this architecture has also been 
reported.15 Together with its low parasitic absorption and 
the possibility of being sublimed, it appears as a good 
candidate for its use as a hole extraction material in our 
system. However, the low selectivity of MoO3 requires it 
to be used in combination with more selective contacts. 
Here, we develop a method to modify the MoO3 / elec-
tron blocking layer interface, obtaining an improved 
 
ohmic contact suitable for p-i-n configuration, yet with 
the advantage of avoiding any annealing step. In the n-i-p 
structure, this interfacial modification also acts as a pro-
tection layer which prevents MoO3 diffusion into the 
underlying layers. As a result, we fabricate the first high 
efficiency vacuum deposited perovskite solar cell with 
both charge extraction layers based on metal oxides. 
 
2. Experimental methods 
Photolithographically patterned ITO coated glass sub-
strates were purchased from Naranjo Substrates. 
N4,N4,N4’,N4’-tetra([1,1’-biphenyl]-4-yl)-[1,1’:4’,1’-
terphenyl]-4,4’-diamine (TaTm) were provided by No-
valed GmbH. TiO2 nanoparticle suspensions were pre-
pared in IMEC as previously reported.10 Fullerene (C60) 
was purchased from sigma Aldrich. PbI2 was purchased 
from Tokyo Chemical Industry CO (TCI), while CH3NH3I 
(MAI), MoO3 and bathocuproine (BCP) were purchased 
from Lumtec. 
ITO prepatterned substrates were cleaned following a 
standard procedure in which they are cleaned with soap, 
water, de-ionized water and isopropanol in a sonication 
bath, followed by UV treatment for 20 min. The TiO2 
dispersion was deposited in air by spin-coating at 3000 
rpm for 30 s and annealed at 100 °C for 30 min, leading to 
a 50−80 nm thick compact layer. For the deposition of the 
other materials through vacuum deposition, the samples 
were transferred to a vacuum chamber integrated into a 
nitrogen-filled glovebox (H2O and O2 < 0.1 ppm) and 
evacuated to a pressure of 10−6 mbar. The vacuum cham-
ber is equipped with six temperature-controlled evapora-
tion sources (Creaphys) fitted with ceramic crucibles. The 
sources were directed upward with an angle of approxi-
mately 90° with respect to the bottom of the evaporator. 
The substrate holder to evaporation sources distance is 
approximately 20 cm. Three quartz crystal microbalance 
(QCM) sensors are used: two monitoring the deposition 
rate of each evaporation source and a third one close to 
the substrate holder monitoring the total deposition rate. 
For thickness calibration, we individually sublimed the 
charge transport materials. A calibration factor was ob-
tained by comparing the thickness inferred from the 
QCM sensors with that measured with a mechanical pro-
filometer (Ambios XP1). Then, the materials were sub-
limed at temperatures ranging from 60 ºC to >300 ºC, and 
the evaporation rate was controlled by separate QCM 
sensors obtaining precisely the deposited thickness. In 
general, the deposition rate for TaTm and C60 was 0.5 Å 
s−1 and 0.2-0.3 Å s−1 for the thinner BCP, TPBi, CBP and 
TCTA layers. For the perovskite deposition, MAI and PbI2 
were co-evaporated by measuring the deposition rate of 
each material in a different sensor and obtaining the total 
perovskite thickness in a third one, leading to a 590 nm 
thick perovskite. MoO3, Ag and Au were evaporated in a 
second vacuum chamber using aluminum boats as 
sources by applying currents ranging from 2.0 to 4.5 A. 
For the solar cell characterization, the J−V characteristics 
were obtained using a solar simulator by Abet Technolo-
gies (model 10500 with an AM1.5G xenon lamp as the light 
source). Before each measurement, the exact light intensi-
ty was determined using a calibrated Si reference diode 
equipped with an infrared cutoff filter (KG-3, Schott). The 
J−V curves were recorded between −0.2 and 1.2 V with 0.01 
V steps, integrating the signal for 20 ms after a 10 ms 
delay. This corresponds to a speed of about 0.3 V s−1. The 
layout used to test the solar cells has four equal areas 
(0.0651 cm2, defined as the overlap between the ITO and 
the top metal contact) and measured through a shadow 
mask with 0.0264 cm2 aperture. Absorption spectra were 
collected using a fiber optics based Avantes Avaspec2048 
Spectrometer. The work functions were determined by 
Kelvin probe measurements using an Ambient Pressure 
Photoemission Spectroscopy system from KP Technology. 
 
3. Results 
In order to evaluate the overall capability of MoO3 as a 
hole extraction layer, the following p-i-n configuration 
was selected as it is similar to a previously tested one with 
an organic charge extraction material (F6TCNNQ)9; 
ITO/MoO3 (7 nm)/TaTm (10 nm)/CH3NH3PbI3 (590 
nm)/C60 (25 nm)/BCP (7 nm)/Ag, as represented in Fig-
ure 1.  
In Figure 1b and 1c, respectively, the typical current-
voltage curves in the dark and under AM1.5G are depicted 
for three different hole extraction layers. The devices with 
non-annealed (as deposited) MoO3 show a high short 
circuit current density, Jsc (21 mA/cm2) a reasonable open 
circuit voltage, Voc (1.03V) but a rather poor fill factor, FF 
(73 %).  This may be due to either a low layer conductivi-
ty, to an energy level mismatch with the electron blocking 
material, or to a combination of both. It has been report-
ed that annealing the MoO3 layer increases the amount of 
oxygen vacancies and creates gap states, which can con-
tribute to the charge transport through a shift in the Fer-
mi level.16,17 We also find that an annealing process of the 
MoO3 layers for 10 min at 100 ºC in nitrogen leads to an 
increase in FF and also in Jsc and Voc values. This is most 
likely the result of the work function (WF) closer to the 
vacuum level, as shown in Figure S1. Despite the higher 
power conversion efficiencies obtained, the temperature 
requirement for this annealing step are undesired. There-
fore, we also considered an alternative approach to inter-
facial tuning by adding an interlayer with a lower ioniza-
tion energy (IE) than the WF of the MoO3, as was recently 
reported for  similar devices.18 We used 2,2′,2"-(1,3,5-
Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) in 
a 2 nm thin interlayer  between the un-annealed MoO3 
and the hole transport/electron blocking molecule TaTm. 
These devices have very similar performance as in the 
device with the annealed MoO3 (Figure 1). The insertion 
of this interlayer is confirmed by contact angle measure-
ments and does not lead to additional absorption (Figures 





Figure 1. a) Schematic device architecture, b) dark and c) illuminated J-V curves (AM1.5G) of p-i-n devices according to panel a, 
for three different hole extraction architectures, MoO3 (not annealed)/TaTm, MoO3 (annealed)/TaTm and MoO3 (not an-
nealed)/TPBi/TaTm. Dashed lines in figure c stand for reverse scan. 
 
Table 1: Average solar cell parameters for p-i-n solar cells with the MoO3 layer at the front contact. 
Samples PCE 
(%) 
Voc (V) Jsc (mA/cm2) FF (%) 
MoO3 (not annealed) 15.8 1.034 21.0 73.0 
MoO3 (annealed) 










Some other molecules were also sublimed and evaluat-
ed as interlayers in between not annealed MoO3 and 
TaTm, namely, TCTA (Tris(4-carbazoyl-9-
ylphenyl)amine) and CBP (4,4’-Bis(N-carbazolyl)-1,1’-
biphenyl). These molecular layers also improve the device 
behavior but not to the extent that MoO3 annealing or 
TPBi insertion does (figure S4) which is in agreement 
with a lower difference between their IE (CBP = 6.0 eV 
and TcTa = 5.7 eV) and the HOMO level of TaTm, as was 
discussed also in Reference nr 18. 
Since the TPBi interlayer enables the use of MoO3 as 
hole extraction layer without the need for its annealing, 
this extraction layer can now be directly implemented in a 
n-i-p structure with both contacts based on metal oxides. 
The chosen device structure for the n-i-p devices is TiO2 
(50-80 nm)/C60 (10 nm)/CH3NH3PbI3 (590 nm)/TaTm (10 
nm)/(TPBi 2 nm, optional)/MoO3 (5 nm)/Au (Figures 2a 
and 2b).  
In Figure 2c, the typical current-voltage curves in the 
dark and under AM1.5G are depicted for the n-i-p devices 
with three different hole extraction layers and the param-
eters are listed in Table 2. The devices with TaTm and the 
non-annealed (as deposited) MoO3 show a rather low Voc 
but a decent FF.  This is most likely due to diffusion of 
MoO3 into TaTm, as previously reported for various or-
ganic materials.19 While this diffusion of MoO3 has the 
potential to improve the band alignment without further 
annealing, it can also significantly increase recombination 
losses due to the partial or complete oxidation of the 
TaTm electron blocking layer. The much higher dark 
current (hence, high conductivity) observed for the 
TaTm/MoO3 containing device compared  
to the one with the TPBi thin interlayer (see Figure S5a) is 
in agreement with this hypothesis. Such a reduced elec-
tron blocking and hence increased charge recombination 
would indeed lead to a lower Voc without affecting too 
much the FF, as we observe. The device with a 2 nm TPBi 
interlayer in between the TaTm layer and the MoO3 layer 
shows very good performance, with high Voc, Jsc and FF 
leading to a power conversion efficiency of almost 19 %. 
Although, a similarly thin layer of TPBi also improved the 
performance of the p-i-n devices, it is rather surprising 
that such a thin layer is preventing the diffusion of MoO3 
into the TaTm layer. Therefore, we also prepared a similar 
device but now with a slightly thicker TPBi layer of 5 nm. 
In these devices the Voc is similar to what is observed for 
the device with a 2 nm layer, but the FF is much worse, 
indicating a significant extraction barrier due to a strong 
increase in the series resistance.  This seems to indicate 
that the MoO3 interacts only with the surface of the TPBi 
layer, as intrinsic TPBi is a poor hole transporter and 
undoped TPBi needs to be very thin to effectively tunel 
holes through. To verify if MoO3 diffusion and the ac-
companied reduction in electron blocking behavior can 







Figure 2. Schematic device architectures of n-i-p devices with (a) and without (b) TPBi interlayer. c) J−V curves under AM1.5G 
illumination corresponding to devices with 0, 1 and 5 nm thick TPBi interlayer. Dashed lines stand for reverse scan 
 
Table 2: Average PV parameters of n-i-p solar cells with MoO3 on top of TaTm and on top of TaTm/TPBi.  
Sample PCE (%) Voc (V) Jsc (mA/cm2) FF (%) 
TaTm/MoO3 13.0 0.898 20.7 70.0 
Tatm/TPBi (2 nm)/MoO3 18.8 1.084 21.3 81.4 
Tatm/TPBi (5 nm)/MoO3 11.0 1.015 21.2 51.0 
reduced by using thicker TaTm layers, such devices were 
prepared as well. In these solar cells, the VOC recovers, as 
displayed in Figure S5b. However, the MoO3 diffusion is a 
sensitive process difficult to control, and thicker TaTm n-
i-p solar cells suffer from poorer reproducibility and larg-
er parasitic absorption. In order to evaluate this TPBi 
interaction with MoO3, we substitute TPBi with TCTA. As 
in the p-i-n devices it leads to similar device performance 
(Figure S4). However, in the n-i-p configuration devices 
with a 2 nm thick TCTA interlayer have low Voc’s similar 
as the TPBi-free devices, which is attributed to the diffu-
sion of MoO3 into both TCTA and TaTm, increasing re-
combination and reducing the Voc (Figure S6). The mo-
lecular weight of TCTA and TPBI are very similar and 
therefore is unlikely the reason for the observed differ-
ence in device performance. The reactivity of MoO3 with 
organic compounds is well-known, particularly with pyri-
dine-like nitrogen atoms with a lone pair such as bipyri-
dine, where the ligand passivates MoO3 surface and 
blocks further Mo−oxo bond formation, or with triazole 
family molecules forming different layered structure.20,21 
TPBi, contains a lone pair which may lead to chemical 
modification of the MoO3 surface creating possibly the 
before mentioned oxygen vacancies that contribute to the 
charge transport, as other works have shown with pyri-
dine-like nitrogen atoms. 17,20,22 For this reason, a 2nm 
layer of Bathocuproine (BCP, 2,9-Dimethyl-4,7-diphenyl-
1,10-phenanthroline) was also inserted in the n-i-p device 
stack. The performance of the resulting solar cells is very 
similar as in the case of the TPBi interlayers (Fig. S6) 
indicating that there is an interaction between MoO3 and 
these pyridine containing molecules that prevents the 
diffusion of MoO3.   
 
Considering both the p-i-n and n-i-p results, we hy-
pothesize that TPBi reacts with MoO3 surface through an 
electron transfer, facilitating the charge transport. Not 
only that, but also this TPBi-MoO3 surface species pro-
tects TaTm in the inverted structure from the diffusion of 
MoO3 by forming a passivation layer, which makes it 
possible to use this material in n-i-p configuration with-




In conclusion, the insertion of a thin layer of a wide 
bandgap conjugated molecule containing pyridine like 
moieties leads to efficient hole extraction in p-i-n and n-i-
p architectures. In part due to the decoupling of the di-
pole moment and additionally be preventing evaporation 
damage of MoO3 on the organic charge transporting 
molecules.  The efficient charge extraction and resulting 
device efficiency in the n-i-p configuration is particularly 
promising as it can be used in tandem cells and low tem-
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